Analysis of genetic variation among modern individuals is providing insight into prehistoric events. Comparisons of levels and patterns of genetic diversity with the predictions of models based on archeological evidence suggest that the spread of early farmers from the Levant was probably the main episode in the European population history, but that both older and more recent processes have left recognizable traces in the current gene pool.
W
here do the genes of the Europeans come from? A good, but trivial, answer is: From Africa, like everybody else's genes. Paleontologists agree that the long-term human ancestors, a million years ago or so, dwelt in Africa. There is disagreement, however, about what happened after archaic presapiens humans (Homo erectus) spread over much of the Old World. The anatomically archaic populations of Europe, Northeastern Asia, and Southeastern Asia may have gradually evolved into the modern Homo sapiens sapiens populations inhabiting, respectively, Western Eurasia, East Asia, and Australia; this is the multiregional theory of human evolution (1) . On the contrary, the Out-of-Africa theory regards all modern populations as descended from an anatomically modern group that dispersed from Africa less than 200,000 years ago and replaced archaic populations (2) .
Discussing the relative merits of the two models would be out of place here, but the multiregional model proposes that the Neandertal people are the ancestors of contemporary Europeans. Conversely, we now know that the mitochondrial sequences of Neandertals differed sharply from modern European sequences, and in fact, from all modern human sequences (3, 4) . It is more than likely, then, that the Neandertal people left no modern descendants (refs. 5-7; for a different view, see ref. 8) .
If there was no Neandertal contribution to the contemporary gene pool, European gene diversity must reflect some combination of the demographic phenomena occurring after Homo sapiens sapiens colonized the continent. However, these phenomena acted upon genetic variation that accumulated both after and before Europe was colonized, because there is no reason to imagine that the first Europeans were all genetically identical. The distinction between histories of populations (which is what this paper is about) and histories of molecules (which are simpler to reconstruct, but are not the same thing) has sometimes been overlooked; we shall come back to it later. As for the European population history, the presence of Homo sapiens sapiens is first documented around 40,000 years ago (9) . But which fraction of the modern European gene pool is derived from these first colonizers, and how much, instead, from more recent immigrants?
Genetic Variation as a Clue to Prehistoric Phenomena
The main way to gain insight into past population processes is to analyze and interpret current patterns of genetic variation (10, 11) . Data on ancient DNA can also help, but they are scanty now, and will not become abundant in the foreseeable future (12) . One difficulty with modern genes lies in the fact that any given pattern of variation may potentially be explained by several different evolutionary phenomena. A cline or gradient, for example, may reflect adaptation to variable environments, or a population expansion at one moment in time, or continuous gene flow between groups that initially differed in allele frequencies. However, it is possible to discard at least some implausible models by jointly analyzing many loci (selection tends to affect single genes, whereas demographic changes determine similar patterns across the genome), and by exploiting nongenetic information, such as archeological and paleobiological data.
Three large-scale phenomena have been inferred from the European archeological record (Fig. 1) . In the Upper Paleolithic, around 40,000 years ago, Neandertal people were replaced by anatomically modern humans (9) , who moved in from the Levant, and settled in many areas of the continent (13) . At the latest glacial maximum, some 18,000 years ago, Northern and Central Europe were largely covered with glaciers. Human presence then seems restricted to the warmest regions, or glacial refugia (14) , and only later reappears more to the North, accompanying the retreat of the ice sheet; we shall refer to that postglacial phase as the Mesolithic period. The first evidence of food production (farming and animal breeding-i.e., the so-called Neolithic revolution) dates at around 10,000 years B.P. in the Levant (15, 16) . Gradually, Neolithic artifacts spread westwards and northwards, along much the same routes followed by the first Paleolithic colonization. Later demographic shifts affecting Europe as a whole are not documented. Thus, the overall pattern of European genetic diversity probably reflects the effects of the first Paleolithic colonization, or of Mesolithic reexpansions, or of the Neolithic demic diffusion, although the history of each local population must have been much more complicated than that.
Abundant though it might be, the archeological evidence does not tell us the whole story. For instance, humans may have lived north of the ice limit without leaving archeologically relevant material, and Neolithic artifacts may have spread because early farmers moved, or simply through trading.
More exhaustive information on the demographic impact of prehistoric processes can come only from the study of genes. Many protein markers show broad gradients, spanning from the Levant to Northern and Western Europe (17) (18) (19) (20) . Allele frequencies of those markers ( Fig.  2 ) correlate with the archeological dates of origin of agriculture, and so Ammerman and Cavalli-Sforza (15) proposed that the European genetic population structure was determined mainly by population dispersal in the Neolithic, a process which they called the Neolithic demic diffusion. Note that population movements do not necessarily produce clines. To generate the observed gradients, four conditions are necessary, namely: (i) that the Neolithic farmers of the Levant differed genetically from the European hunters and gatherers; (ii) that the former were growing in numbers; (iii) that they dispersed westwards and northwards; and (iv) that they did not immediately incorporate in their communities the hunters and gatherers whom they met during the expansion (15) . As confirmed by computer simulations (21, 22) , only under those conditions could the alleles typical of the Levant end up being distributed in ample gradients.
The model of Neolithic demic diffusion has two important implications. One is that the technologies for food production did not spread by cultural contacts (which would have had no genetic effect), but essentially by population dispersal: farming spread because the farmers did. The second is that a large fraction of the ancestors of current Europeans (at least two-thirds, based on the simulations of refs. 21 and 22) lived in the Levant, not in Europe, 10,000 years ago.
Gene Genealogies and Population
Histories DNA variation is conveniently summarized by gene genealogies. Because of their (complete, or nearly so) absence of recombination, the mitochondrial genome and the Y chromosome are ideal for reconstructing evolutionary trees or networks. Under reasonable assumptions about mutation rates, trees and networks can be put into a time frame, and the age of the molecules at their nodes can be estimated. To the best of our knowledge, a global age of the European mitochondrial genealogy has never been published, and it would be very old anyway, certainly older than the arrival of Homo sapiens sapiens in Europe. However, groups of evolutionarily related alleles have been defined within the genealogy, and their age has been variously estimated between 52,500 (haplogroup U5) and 6,500 years (haplogroup J1a) (23) . The fact that the origin of most such haplogroups predates the origin of farming has been taken as evidence that the European mitochondrial pool comes essentially from populations that were already settled in Europe before the Neolithic period (ref. 24 , and references therein). The fact that the age of some haplogroups, and hence of the entire genealogy, predates the arrival of Homo sapiens sapiens in Europe has not received much attention.
Although a pre-Neolithic origin of the European gene pool is in contrast with the demic diffusion model, an alternative model has not been explicitly formalized yet. In the first studies of mitochondrial networks (25, 26) , the clines observed for non-DNA markers were attributed to repeated founder effects in the course of the initial Paleolithic colonization, a scenario that previous simulations have proven plausible (22) . In later papers, however, European patterns of genetic variation were attributed to the effects of largescale Mesolithic reexpansions from SouthCentral Europe (24, 27) .
When molecular data were analyzed by methods comparing populations, rather than the molecules themselves, broad and significant gradients radiating from the Levant became apparent for both autosomic (28, 29) 
Evolution by Repeated Founder Effects?
In summary, the clinal distributions of nuclear DNA and protein markers suggest that a directional expansion from the Levant is the main process reflected in the current genetic diversity, and that other phenomena had a lesser impact on modern genetic variation. The direction of the main cline corresponds to the direction of both the initial Paleolithic colonization and the Neolithic demic diffusion, but not to any known Mesolithic process. Conversely, most mtDNA haplogroups coalesce in pre-Neolithic times, which has been interpreted as a consequence of Mesolithic expansions from glacial refugia. Is there any way to reconcile those findings? To understand for good whether the European gene pool derives from Paleolithic or Neolithic ancestors, one should type individuals who lived, respectively, in Europe and in the Near East, say 15,000 years ago. Should these groups prove genetically different, one could infer a Paleolithic origin of the modern gene pool from a closer similarity between modern and ancient Europeans, and a Neolithic origin from a closer similarity between modern Europeans and the ancient inhabitants of the Near East.
That experiment is impossible at present. But similar, albeit more limited, questions can be addressed by analyzing contemporary samples, in the light of theories on the way shared ancestry affects genetic diversity (see ref. 34 ). When one estimates populations' ages based on mo- lecular trees, the implicit assumption is that population genealogies are well approximated by allele genealogies. In fact, theory shows that that is so only if each population developed from a genetically monomorphic set of founders. Only in that case will all of the existing genetic diversity result from mutations that occurred after the population was established (plus the occasional alleles introduced by gene flow), and therefore will the coalescence time be close to the population's age (35, 36) . Thus the question is, are the European populations descended from monomorphic groups of ancestors?
Let us imagine that 10,000 years ago an initially panmictic group split in two groups. If (i) the populations' effective sizes after the split were 5,000 individuals, a conservative value used by other investigators (37, 38) , (ii) each generation lasted 20 years, and (iii) 50 sequences are sampled today from each population, the expected number of lineages at the split can be calculated from the simple convolution with itself of the probabilities derived for a single population (39) . On the average, about 45 lineages still remain, and 95% of the probability distribution is comprised between 38 and 52. This conclusion is even stronger for larger populations and longer generation times (40) , and little changes if we consider expanding populations. Even when the rate of exponential increase is as high as r ϭ 0.02 (which means that the population size 10,000 years ago was a few tens of individuals), 15-20% of lineages coalesce more than 10,000 years ago.
In brief, there is a high chance that populations that separated in Neolithic times and then stayed constant in size or increased contained extensive initial polymorphism. Therefore, any gene genealogy is not expected to portray the recent (i.e., less than 10,000 years ago) population's history, unless founder effects at the origin of each new population eliminated the preexisting polymorphism.
But is it safe to assume that radical founder effects accompanied the origin of farming communities in Europe? The distributions of pairwise mitochondrial sequence differences, or mismatch distributions, are unimodal and smooth in populations that expanded, and multimodal and irregular in populations that were stable in size (41) or shrank (42) . On a worldwide scale, mismatch distributions are unimodal in farming populations and multimodal in hunting-gathering communities, suggesting that demographic crises have been common in the latter, not in the former (42) . Accordingly, founder effects may have occurred at the origin of specific European farming communities (43), but they really seem an exception, not the rule.
Although interpreting allele trees as population trees is risky (see also ref. 44) , mitochondrial data do contain information on the probable timing of population splits. For instance, pairs of populations that separated in Paleolithic times can be expected to share fewer alleles than populations that separated later. We counted the occurrences of identical mitochondrial sequences in pairwise comparisons of populations from a European and Near Eastern dataset (33) . The distribution of P 0 , the frequency of identical sequences in 780 such comparisons, has two distinct peaks (Fig. 3) . In the first peak there are 197 pairs of populations with very few sequences in common, if any (P 0 Յ 0.01), and 163 of those comparisons involve Near Easterners, or European populations that have been identified as outliers: Icelanders, Ladins, or Saami (33). In the second peak there are 583 comparisons whose mode is close to 0.03.
To estimate the expected value of P 0 for populations that diverged T years ago, let us assume a present census size of 10 7 individuals. Let us also assume that populations have been exponentially increasing to their present size with a rate r ϭ 0.005 or 0.008 (45, 46) , and that the mutation rate for the mtDNA first hypervariable control region is 1.65 ϫ 10
Ϫ7
per site per year (42) . Under these conditions, the expected P 0 is the product of the probability of 0 differences from the present time back to time T (i.e., the probability of 0 mutations in 2T generations), multiplied by the probability of 0 differences from time T until the coalescence of the two sequences in the ancestral population. This second factor is complex for nonstationary populations, but it can be found by using the theorem of total probability
where k is the number of substitutions between two sequences. The conditional probability P(k ϭ 0͉t) is again the probability of no mutations in 2t generations, whereas an expression for P(t) can be found in ref. 47 . Solving numerically the integral above for T ϭ 4,000 years (Neolithic divergence) and T ϭ 40,000 years (Paleolithic divergence), we see that the expected intervals defined by using the two different growth rates overlap with the two peaks of the observed distribution. These calculations are approximate, but they offer a plausible interpretation of the bimodal distribution of Fig. 3 . A Neolithic separation of most European groups is expected to result in a range of values corresponding to the second peak (Fig. 3,  box B ) of the distribution. An older separation of groups that have a nonEuropean origin is expected to result in a lower number of alleles in common with most other samples, which is reflected in the first peak of the distribution (Fig. 3,  box A) . Groups that evolved in isolation have diverged faster, and they tend to contribute more to the latter than to the former peak.
Future Prospects
Where do the genes of the Europeans come from, and when did they come in? We think the best answer is still: Mostly from the Levant, mostly in Neolithic times, but from other places and in other times as well. Colin Renfrew remarked that the model of Neolithic demic diffusion was initially proposed on the basis of a rather generic resemblance between maps of allele frequencies and radiocarbon dates of early farming sites (48) . However, many empirical studies (18, 19, (29) (30) (31) (32) (33) , and computer simulations (21, 22, 29) , have now shown that an origin in the Levant and a Neolithic spread are in excellent agreement with the nuclear data. The only alternative seems to imagine that the European gradients were established during the Paleolithic colonization of the continent, and little of significance happened afterward. That cannot be ruled out at present, but it does not seem a probable scenario either.
Mitochondrial data have been regarded as inconsistent with the Neolithic model. In this paper we claim that calculations based on the coalescent theory may reconcile the mitochondrial evidence with the scenario based on the analysis of nuclear polymorphisms. To clarify this issue further, it is important that models other than the Neolithic demic diffusion be better formalized, so that their predictions may be tested better than one can do now. At present, a model interpreting the current gene pool as the result of Mesolithic expansions from glacial refugia does not seem able to explain the extension, and the number, of clines observed at nuclear loci.
If the spread of early farmers has probably determined the main European pattern of genetic diversity, additional patterns are also apparent, and they point to local phenomena that should be further investigated. Specific mutations have a peculiar geographic distribution, which suggests recent local origin of some alleles (49) , or input of genes from sources other than the Levant, notably North Africa (49, 50) and Asia (32) . Contacts between specific populations, documented in the historical record, have left a recognizable mark in the distribution of genetic distances (51), whereas geographic and linguistic barriers have led to significant local divergence (52) . Both in large-scale and in small-scale studies, it will be important to remember that variation at each locus, and at each variable nucleotide site, represents just one realization of an evolutionary process that contains a strong stochastic component. Different genes are expected to show different modes of variation purely by chance, quite aside from the action of selective pressures upon them. Therefore, we think that the best reconstruction of population history is the one that accounts for the variation observed at the genome, not at the single-locus, level.
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